Synaptic function and plasticity were studied in mice lacking the fragile X mental retardation protein (FMRP), a model for the fragile X mental retardation syndrome. Associational connections were studied in slices of anterior piriform (olfactory) cortex, and Schaffercommissural synapses were studied in slices of hippocampus. Knock-out (KO) mice lacking FMRP were compared with congenic C57BL/6J wild-type (WT) controls. Input-output curves and paired-pulse plasticity were not significantly altered in KO compared with WT mice in either the olfactory cortex or hippocampus. Long-term potentiation (LTP) induced by theta burst stimulation in the anterior piriform cortex was normal in KO mice aged Ͻ6 months but was impaired in KO mice aged Ͼ6 months. The deficit in LTP was significant in mice aged 6 -12 months and more pronounced in mice aged 12-18 months. Similar differences between WT and KO mice were seen whether LTP was induced in the presence or absence of a GABA A receptor blocker. Postsynaptic responses to patterned burst stimulation in KO mice showing impaired LTP were not significantly different from those in WT mice, suggesting that the LTP deficit was not caused by alterations in circuit properties. No differences in hippocampal LTP were observed in WT and KO mice at any ages. The results indicate that FMRP deficiency is associated with an age-dependent and region-selective impairment in long-term synaptic plasticity.
Introduction
Fragile X syndrome (FXS) is the most common inherited cause of human mental retardation. Affected individuals exhibit moderate-to-severe mental retardation and developmental delays as well as characteristic physical features including macroorchidism and facial abnormalities (Schapiro et al., 1995) . FXS is also commonly accompanied by neuropsychiatric problems such as hyperactivity, autism, attention disorders, and seizures (de Vries et al., 1998) . The syndrome is most often caused by a trinucleotide (CGG) repeat expansion in the fragile X mental retardation 1 (FMR1) gene, leading to DNA methylation and transcriptional silencing; other mutations involving the FMR1 gene can cause FXS if they prevent production or alter functional domains of the encoded protein, the fragile X mental retardation protein (FMRP) (O'Donnell and Warren, 2002) . The function of FMRP is not entirely understood. In brain, the protein is found in neurons and is transported into dendrites (Devys et al., 1993; Feng et al., 1997) . Because FXS patients show dendritic spine abnormalities in the cerebral cortex ), it appears that FMRP plays an important role in spine maturation or plasticity (Bagni and Greenough, 2005) . FMRP has been characterized as an RNA-binding protein that may be involved in transport and localization of a subset of neuronal mRNAs as well as regulating their translation (O'Donnell and Warren, 2002; Willemsen et al., 2004; Bagni and Greenough, 2005) .
Mice with targeted mutations (knock-outs) of the Fmr1 gene (Fmr1 KO mice) have been developed as models for FXS (Bakker et al., 1994) . Fmr1 KO mice exhibit hyperactivity in open field tests, heightened seizure susceptibility, exaggerated responses to sensory stimulation, normal fear conditioning, and mild impairments in spatial learning tasks (Kooy, 2003) . The mice also exhibit cortical spine abnormalities similar to FXS patients Nimchinsky et al., 2001; Irwin et al., 2002; Galvez and Greenough, 2005) . However, excitatory synapses in field CA1 of hippocampus of Fmr1 KO mice were found to exhibit normal long-term potentiation (LTP), a learning-related form of synaptic plasticity involving spine shape changes (Godfraind et al., 1996; Paradee et al., 1999) . On the other hand, Li and colleagues (2002) found that synaptic potentials recorded in layer IV/V of frontal neocortex in response to white matter stimulation showed greatly diminished LTP in Fmr1 KO mice.
These findings prompted us to examine LTP in the primary olfactory (piriform) cortex. The structure of the piriform cortex simplifies interpretation of synaptic field potentials, and synapses in this region exhibit LTP that is phenomenologically similar, but not identical, to hippocampal LTP (Jung et al., 1990a; Haberly, 1990,1993; Collins, 1994; Jung and Larson, 1994) . We find that LTP of monosynaptic responses evoked by selective stimulation of excitatory associational fibers is substantially re-duced in slices of anterior piriform cortex (APC) from Fmr1 KO mice, compared with wild-type (WT) controls. This impairment of LTP in the piriform cortex is age dependent, appearing only in mice at least 6 months of age, and selective, because it is not observed in the CA1 field of hippocampus. These results suggest that deficits in cortical LTP mechanisms may contribute to cognitive impairments in FXS.
Materials and Methods
Animals. Male Fmr1 KO and WT mice were bred from congenic C57BL/6J stock obtained from The Jackson Laboratory (Bar Harbor, ME). The mutation had been back-crossed at least 10 generations into the C57BL/6 background. Experiments and analyses were both conducted blind with respect to genotype.
Slices of anterior piriform cortex. Slices of APC were prepared from adult mice (3-18 months of age) as described previously (Jung and Larson, 1994) . Briefly, a block of the brain containing the APC was produced using coronal cuts through the plane of the caudal tail of the lateral olfactory tract (LOT) and a plane 2 mm rostral to that landmark. The piriform cortex was isolated with a cut tangential to the pial surface and sliced at 400 m, perpendicular to the cortical surface and in a parasagittal plane (parallel to the LOT), on a tissue chopper. Slices were maintained in an interface chamber at 35°C and perfused constantly (1.0 ml/min) with artificial CSF containing the following (in mM): 124 NaCl, 3 KCl, 1.2 KH 2 PO 4 , 26 NaHCO 3 , 2.5 MgSO 4 , 2.5 CaCl 2 , 2 Na-ascorbate, and 10 D-glucose, gassed with 95% O 2 and 5% CO 2 .
Stimulation (bipolar, insulated stainlesssteel wires; diameter, 50 m) and recording (glass micropipettes; 1-5 M⍀; filled with 2 M NaCl) electrodes were placed in layer Ib to activate and monitor associational system (ASSN) synaptic field potentials. One stimulation electrode (S1) was positioned rostral to the recording electrode and activated the ASSN fibers orthodromically; the other (S2) was placed caudal to the recording electrode and activated a separate population of ASSN synapses via antidromic activation of caudally directed fibers and orthodromic activation of feedback fibers. Laminar profiles and paired-pulse stimulation were used to distinguish between ASSN and LOT synapses as described previously (Bower and Haberly, 1986; Jung et al., 1990a,b) and to optimally position electrodes in each slice tested. All slices from each animal were tested before experiments, and one or two slices exhibiting the largest ASSN field potentials were selected for study. Electrophysiological signals were amplified (500ϫ), low-pass filtered (5 kHz), digitized by microcomputer (10 kHz), and analyzed on-line using custom software.
Input-output curves were constructed by varying stimulus intensity between 2.5 and 160 A (pulse duration, 0.1 ms) and measuring the peak amplitude of dendritic field EPSP (fEPSP) evoked. Four responses were collected at each intensity and averaged. Paired-pulse curves were determined by stimulating the synapses with twin pulses at interpulse intervals (IPIs) of 50 -1600 ms. Stimulus intensity was set to evoke a half-maximal fEPSP. The initial slope and peak amplitude of the response to the second (test) pulse were calculated as a percentage of those of the first (conditioning) pulse of each pair. In one set of experiments, LTP was induced after perfusing slices with picrotoxin (10 M; RBI, Natick, MA) to block GABA A receptor-dependent synaptic inhibition (Kanter and Haberly, 1993) . Baseline stimulus intensity was set to evoke a half-maximal fEPSP. Theta burst stimulation (TBS) (Larson et al., 1986 ) was used to induce "associative" LTP. In the TBS protocol, both pathways were activated simultaneously with 10 high-frequency bursts (100 Hz; four pulses) repeated at 200 ms intervals (5 Hz). During TBS, the stimulus duration was doubled to 0.2 ms. fEPSPs were monitored on the two pathways alternately at 10 s intervals for at least 10 min before and at least 60 min after TBS. Slices that did not exhibit stable fEPSPs during the baseline period were excluded from study. fEPSP amplitude was measured rather than initial slope, because the former was less variable than the latter in APC slices. The degree of potentiation induced by TBS was calculated as the percentage increase at each time point after patterned stimulation, relative to the baseline average. Responses during patterned burst stimulation were quantified by measuring the area of negativity underlying the response to the four stimuli in the burst, as described previously (Larson and Lynch, 1988; Larson et al., 1999) .
In a second set of LTP experiments, slices were not treated with picrotoxin. Otherwise, the procedures used to induce and assess LTP were identical to those of the experiments described above. Slices of hippocampus. Hippocampal slices from KO and WT mice aged 3-12 months were prepared and maintained using methods described previously (Larson et al., 1999) . Hippocampi were dissected free, and slices were cut at 400 m transverse to the long axis of the hippocampus and maintained as described for piriform slices above.
Stimulation and recording electrodes were placed in stratum radiatum of field CA1 to activate and monitor Schaffer-commissural (SC) fiberevoked synaptic field potentials. One stimulation electrode (S1) was positioned in CA1c to activate the SC fibers in the orthodromic sense, and the other (S2) was placed in CA1a to activate the fibers in the antidromic sense. Laminar profiles were used to place electrodes optimally in each slice tested. All slices from each animal were tested before experiments, and one or two slices exhibiting the largest field potentials were selected for study.
Input-output curves were constructed using stimulus intensities from 2.5-63 A. When a population spike appeared, the response to the highest-intensity stimulus not evoking a population spike was taken as the maximal field EPSP, and that value was used for the response to all higher intensities. Paired-pulse curves were determined in the same manner as for the piriform slices. In LTP experiments, the two stimulation pathways (S1 and S2) were used independently. In most LTP experiments, one pathway was given TBS consisting of five theta bursts, and the other was given TBS consisting of 10 theta bursts. The two induction events were separated by at least 30 min. In some experiments, only one pathway was given TBS. In all cases, during TBS, the stimulus duration was doubled to 0.2 ms. fEPSPs were monitored on the two pathways alternately at 10 s intervals for at least 10 min before and at least 60 min after TBS. The degree of potentiation induced by TBS and the response to patterned burst stimulation were calculated in the same way described for the piriform experiments, except that the measurements of LTP magnitude were based on the initial slope of the fEPSP.
Results

Anterior olfactory cortex
All of the slices obtained from each animal were examined electrophysiologically, and the slice yielding the largest field EPSPs evoked by ASSN fiber stimulation was selected for detailed study. Because it became apparent that differences between Fmr1 KO and WT mice were age dependent, the results will be presented with mice separated into three age groups: mice Ͻ6 months of age, those between 6 and 12 months of age, and animals Ͼ12 months of age.
Input-output curves and paired-pulse plasticity
Input-output curves were analyzed only for the pathway activated by the rostral stimulation electrode (S1), because it usually produced the larger response. Responses to single-pulse stimulation and the effects of increasing stimulus intensity were comparable in slices from WT and Fmr1 KO mice (Fig. 1) . For the entire range of the input-output curve, statistical analysis indicated no significant main effect of genotype on EPSP amplitude at any age (3-6 months of age, ANOVA, F (1,23) ϭ 1.21, p Ͼ 0.2; 6 -12 months of age, F (1,40) ϭ 0.09, p Ͼ 0.7; 12-18 months of age, F (1,28) ϭ 1.32, p Ͼ 0.2). There were also no significant interactions between genotype and stimulus intensity on EPSP amplitude (3-6 months of age, F (9,207) ϭ 1.50, p Ͼ 0.1; 6 -12 months of age, F (9,360) ϭ 0.68, p Ͼ 0.7; 12-18 months of age, F (9,252) ϭ 1.29, p Ͼ 0.2). The maximal field EPSP that could be evoked was unaffected by genotype (F (1,91) ϭ 1.95; p Ͼ 0.1) or age (F (2,91) ϭ 1.29; p Ͼ 0.2); there was no interaction between the two variables (F (2,91) ϭ 1.76; p Ͼ 0.1).
Associational synapses in the anterior piriform cortex exhibit synaptic depression in response to paired stimulation. The degree of depression is minimal at very short (50 ms) IPIs, maximal at 200 -800 ms, and recovers within a few seconds. Paired-pulse depression was very similar in slices from WT and Fmr1 KO mice in all age groups (Fig. 2) . In the youngest age group only, there was a small, but significant, difference between WT and KO slices in paired-pulse responses. There was no main effect of genotype (F (1,23) ϭ 1.70; p Ͼ 0.2), but there was an interaction between genotype and interpulse interval (F (5,115) ϭ 2.54; p Ͻ 0.05). Second pulse responses were significantly larger in the KO slices at 50 ms IPI than in the WT slices (Newman-Keuls test; p Ͻ 0.01). However, it should be noted that the absolute magnitude of this difference was only ϳ3%, and neither the WT or KO values were significantly different from 100% (one-sample t tests; p Ͼ 0.05). In the other age groups, there were no significant main effects of genotype on paired-pulse response (6 -12 months of age, F (1,40) ϭ 1.63, p Ͼ 0.7; 12-18 months of age, F (1,28) ϭ 0.96, p Ͼ 0.9) nor interactions between genotype and IPI on paired-pulse response (6 -12 months of age, F (5,200) ϭ 0.64, p Ͼ 0.6; 12-18 months of age, F (5,140) ϭ 0.25, p Ͼ 0.9).
LTP induced by TBS in picrotoxin-treated slices
The first set of LTP experiments were conducted on slices continuously perfused with picrotoxin (10 M) to block GABA A receptor-dependent inhibition. A TBS protocol was used to induce LTP. As described previously (Jung et al., 1990a) , TBS of ASSN fibers induces an initial potentiation that increases in magnitude for 10 -15 min after TBS and then stabilizes. Typical and average results for slices from KO and WT mice aged Ͻ6 months are shown in Figure 3 . The data were analyzed statistically using ANOVA on the percentage increase at 1, 15, 30, and 60 min after TBS. There was no significant main effect of genotype (F (1,20) ϭ 0.61; p Ͼ 0.4). There was a significant effect of time after TBS (F (3,60) ϭ 11.11; p Ͻ 0.0001). The interaction between genotype and time after TBS was not significant, although it did approach significance (F (3,60) ϭ 2.60; p ϭ 0.06) as a result of a trend in the KO slices to decay over the hour after TBS.
In slices from mice aged 6 -12 months, there was a clear difference in LTP between the WT and KO mice (Fig. 4) . Potentiation immediately after TBS and during the 10 min growth period was similar in both groups, but the potentiation decayed thereafter in the KO slices, whereas it remained stable in the WT slices. ANOVA indicated no significant main effect of genotype on potentiation (F (1,27) ϭ 1.68; p Ͼ 0.2). However, both the main effect of time after TBS (F (3,81) ϭ 6.98; p Ͻ 0.001) and the interaction between genotype and time (F (3,81) ϭ 11.11; p Ͻ 0.001) were significant. Multiple comparisons tests indicated that the poten- tiation was significantly smaller in KO than in WT slices 60 min after TBS (Newman-Keuls test; p Ͻ 0.01).
In slices from animals Ͼ12 months of age, the reduction in LTP in KO slices was present throughout the post-TBS recording period (Fig. 5) . ANOVA showed significant main effects of both genotype (F (1,18) ϭ 7.77; p Ͻ 0.05) and time after TBS (F (3,54) ϭ 4.06; p Ͻ 0.05) on the magnitude of potentiation but no significant interaction (F (3,54) ϭ 0.64; p Ͼ 0.5). Potentiation was significantly greater in WT slices than in KO slices at all time points after TBS (Newman-Keuls tests; p Ͻ 0.05 at 1 min and p Ͻ 0.01 at 15, 30, and 60 min after TBS).
These results indicate that the differences in LTP in APC slices from WT and Fmr1 KO mice are age dependent. The LTP data collected from slices of WT mice at the three age ranges were subjected to ANOVA with age and time after TBS as factors. A similar analysis was conducted on the data obtained from slices from KO mice. For the WT mice, there was no significant main effect of age on potentiation (F (2,32) ϭ 0.63; p Ͼ 0.5), there was a significant main effect of time after TBS (F (3,96) ϭ 11.42; p Ͻ 0.0001), but there was no interaction between age and time after TBS (F (6,96) ϭ 0.71; p Ͼ 0.6). On the other hand, for KO mice, there were significant main effects of both age (F (2,33) ϭ 4.01; p Ͻ 0.05) and time after TBS (F (3,99) ϭ 15.42; p Ͻ 0.0001) but no interaction between age and time after TBS (F (6,99) ϭ 0.77; p Ͼ 0.55). Thus, it appears that age does not influence LTP in APC of WT mice; LTP in Fmr1 KO mice is mostly unaffected in young mice (3-6 months of age), but stable LTP deteriorates in older KO animals.
LTP induced by TBS in slices not treated with picrotoxin
A separate set of experiments was run with slices maintained in control medium with inhibition intact (no picrotoxin). One set of experiments used mice aged 3-6 months, and a second set used animals aged 6 -12 months.
In slices from mice aged Ͻ6 months, there were no statistically significant differences between KO and WT mice in the degree of potentiation after TBS (Fig.  6 A, B) . ANOVA indicated no main effect of genotype (F (1,16) ϭ 1.84; p Ͼ 0.1), a significant effect of time after TBS (F (3,48) ϭ 5.25; p Ͻ 0.01), and no interaction between genotype and time (F (3,48) ϭ 1.05; p Ͼ 0.3).
In slices from animals aged 6 -12 months, there was a clear difference between KO and WT mice in the response to TBS. As was seen in the experiments with picrotoxin, the potentiation in slices from older KO mice decayed over time, whereas potentiation in slices from WT mice remained stable throughout the recording period (Fig. 6C,D Figure 7 . Responses to the first burst consist of four distinct fEPSPs, decreasing in amplitude and followed by a small, prolonged negative potential. In later bursts, the initial fEPSP was typically smaller than that in the first burst, and the second, third, and fourth fEPSPs were more variable; however, all of the fEPSPs in later burst responses were typically broader that those in the first burst response. There were no clear differences in these response patterns in slices from WT and KO mice. Burst responses were quantified by calculating the area of negativity underlying the 75 ms period after the first stimulus of each burst. There were no differences in total area of the first burst between KO and WT slices either at 3-6 months of age (t (20) ϭ 0.19; p Ͼ 0.8) or at 6 -12 months of age (t (36) ϭ 0.99; p Ͼ 0.3). ANOVA on the normalized burst area did not yield any significant main effects attributable to genotype (3-6 months of age, F (1, 20) ϭ 0.05, p Ͼ 0.8; 6 -12 months of age, F (1,36) ϭ 0.03, p Ͼ 0.8) nor any interactions between genotype and burst number (3-6 months of age, F (8,160) ϭ 1.76, p Ͼ 0.05; 6 -12 months of age, F (8,288) ϭ 0.32, p Ͼ 0.9).
Hippocampal field CA1
Several previous reports that LTP is normal in field CA1 of FMRP-deficient mice (Godfraind et al., 1996; Paradee et al., 1999; Li et al., 2002) all tested mice younger than 6 months of age. Because our observations in APC indicate that an LTP deficit can be age dependent, we examined field CA1 of hippocampus from WT and KO mice at 3-6 months and 6 -12 months of age.
Input-output curves and paired-pulse plasticity
Input-output curves were generated for SC-evoked fEPSPs in one slice from each animal. The results are shown in Figure 8 A. Genotype had no significant main effects on input-output curves at 3-6 months (F (1,38) ϭ 1.33; p Ͼ 0.2) or 6 -12 months (F (1,21) ϭ 1.84; p Ͼ 0.1) of age; there were no interactions between genotype and stimulus intensity on response size in either age group (3-6 months of age, F (7,266) ϭ 1.02, p Ͼ 0.4; 6 -12 months of age, F (7,147) ϭ 1.64, p Ͼ 0.1).
Paired-pulse stimulation at IPIs of 50 -800 ms produced facilitation at SC synapses in CA1 (Fig. 8 B) . There were no significant main effects of genotype on facilitation at either 3-6 months (F (1,38) ϭ 2.30; p Ͼ 0.1) or 6 -12 months (F (1,21) ϭ 0.17; p Ͼ 0.6) of age. Nor were there significant interactions between genotype and IPI in either age group (3-6 months of age, F (5, 190) ϭ 0.73, p Ͼ 0.5; 6 -12 months of age, F (5,105) ϭ 0.38, p Ͼ 0.8).
LTP induced by TBS
In mice aged 3-6 months, TBS induced a large initial potentiation of the fEPSP that decayed within ϳ10 min to a stable level that remained constant for the duration of recording. Similar amounts of potentiation were observed in both WT and KO mice after either a five-burst TBS (Fig. 9 A, B) or a 10-burst TBS (Fig.  9C,D ). There were no significant main effects of genotype on potentiation after either five bursts (F (1,22) ϭ 1.47; p Ͼ 0.2) or 10 bursts (F (1,26) ϭ 0.44; p Ͼ 0.5). There were also no significant interactions between genotype and time after TBS (five bursts, F (3,66) ϭ 0.46, p Ͼ 0.7; 10 bursts, F (3,78) ϭ 0.47, p Ͼ 0.6).
Very similar results were obtained in slices from mice aged 6 -12 months (Fig. 10) . ANOVA indicated no main effect of genotype on potentiation after TBS consisting of five (F (1,31) ϭ 0.09; p Ͼ 0.7) or 10 (F (1,37) ϭ 3.50; p ϭ 0.07) bursts, although the KO mice tended to show slightly less potentiation in the latter case (particularly right after TBS). The interactions between genotype and time after TBS were not significant (five bursts, F (3,93) ϭ 0.03, p Ͼ 0.9; 10 bursts, F (3,111) ϭ 1.63, p Ͼ 0.1).
Not surprisingly, analysis of the burst responses did not reveal any significant differences between slices from WT and KO mice. For synapses receiving a 10-burst TBS (Fig. 11) , the area of the first burst response was no different in slices from WT and KO mice at either 3-6 months (t (53) ϭ 0.78; p Ͼ 0.4) or 6 -12 months (t (46) ϭ 1.36; p Ͼ 0.15) of age. The normalized area of the subsequent bursts also did not show a main effect of genotype (3-6 months of age, F (1,53) ϭ 2.34, p Ͼ 0.1; 6 -12 months of age, F (1,46) ϭ 0.34, p Ͼ 0.55) nor an interaction of genotype with burst number (3-6 months of age, F (8, 424) ϭ 0.24, p Ͼ 0.95; 6 -12 months of age, F (8, 368) 
Similarly, for synapses receiving a five-burst TBS (Fig. 12) , the area of the first burst response was not significantly different in slices from WT and KO mice at either 3-6 months (t (40) ϭ 0.45; Figure 8 . Synaptic input-output curves and paired-pulse facilitation in hippocampal field CA1 of WT and Fmr1 KO mice. A, Input-output curves for SC-evoked fEPSP amplitude in slices from 18 WT and 22 KO mice aged 3-6 months and nine WT and 14 KO mice aged 6 -12 months (means Ϯ SEM). B, Paired-pulse facilitation curves for the same slices in A (means Ϯ SEM). Mo., Months. p Ͼ 0.65) or 6 -12 months (t (43) 
Discussion
Although the Fmr1 knock-out mouse does not exactly mimic the genetic abnormality of FXS at the molecular level, the mouse model and human syndrome share the fundamental common end point of a lack of expression of a single gene product throughout the lifespan. Because the definitive phenotypic characteristic of FXS is mental retardation, understanding the neurobiological consequences of silencing the Fmr1 gene in mice is of paramount importance for exploiting the mouse model to test therapeutic strategies. The Fmr1 gene encodes a protein (FMRP) that contains RNA binding domains and both nuclear localization and nuclear export signal sequences (Bardoni et al., 2001) . In brain, FMRP is seen in cytoplasm both in neuronal somata and dendrites (Devys et al., 1993; Feng et al., 1997) . FMRP forms complexes with other proteins, including two FMRP homologs, the fragile X-related proteins 1 and 2 (FXR1P and FXR2P), along with mRNA in association with ribosomes (Eberhart et al., 1996; Khandjian et al., 1996; Corbin et al., 1997; Feng et al., 1997; Ceman et al., 1999) . In in vitro experiments, binding of FMRP to RNA appears to inhibit translation (Laggerbauer et al., 2001; Li et al., 2001) .
The primitive appearance of dendritic spines in FXS brains ) and brains of FMRP-deficient mice (Irwin et al., 2002) suggest that FMRP participates in spine maturation or plasticity . Activation of metabotropic glutamate receptors (mGluRs) in cellular fractions enriched in dendritic spines triggers protein synthetic activity most likely via translation of dendritic resident mRNA associated with polyribosomes . This activity is severely blunted in Fmr1 KO mice, suggesting that FMRP plays an important role in regulation of dendritic protein synthesis (Weiler et al., 2004) . Levels of FMRP are regulated by synaptic activity in cultured neurons (Antar et al., 2004) pathways. These findings indicate that sensory stimulation or synaptic activity can alter levels and localization of FMRP in postsynaptic neurons and modulate local protein synthesis.
We used slice preparations and electrophysiological methods to investigate synaptic function and plasticity in Fmr1 KO mice and WT controls. We observed a pronounced deficit in expression of stable LTP in ASSN synapses in the anterior piriform cortex in mice lacking FMRP. This deficit only appeared in tissue from animals at least 6 months of age and was not observed in slices from hippocampus. We did not see significant differences in basal synaptic transmission, alterations in paired-pulse plasticity, or significantly modified local circuit properties in responses to highfrequency bursts. The same age-dependent LTP impairment in the APC was observed whether or not GABA A receptors were blocked. These findings suggest that the primary defect in LTP in the olfactory cortex involves mechanisms responsible for stabilization of potentiation. Both the age dependence and regional selectivity of the defect place constraints on the cellular basis for it.
FMRP could participate directly in the stabilization of LTP. Because LTP is normal in the hippocampus, the present results suggest that piriform and hippocampal synapses differ either in an obligatory step requiring FMRP or in the degree to which other proteins can compensate for FMRP deficiency. FXR1P and FXR2P are thought to associate with FMRP in messenger ribonucleoproteins to regulate translation of mRNAs (Ceman et al., 1999) and possibly could compensate for FMRP.
One significant difference between piriform and hippocampal LTP is kinetic: hippocampal LTP develops fully within 30 -60 s after induction (Gustafsson et al., 1989) , whereas piriform LTP develops more slowly (Jung et al., 1990a) . LTP in sensorimotor cortex, impaired in FMRP-deficient mice, also shows a protracted development period (Li et al., 2002) . A second difference between piriform ASSN synapses and hippocampal CA1 synapses is their paired-pulse characteristics. CA1 synapses exhibit facilitation (Creager et al., 1980) , whereas piriform ASSN synapses exhibit depression (Bower and Haberly, 1986) . The mechanism responsible and significance of these differences are not clear. Nevertheless, they represent a potential synaptic correlate of the LTP differences.
mGluR-dependent long-term depression (LTD) is altered in hippocampus of Fmr1 KO mice (Huber et al., 2002) . Because mice lacking FMRP exhibited enhanced LTD, it was suggested that FMRP may normally inhibit LTD by suppressing mGluRstimulated translation of dendritic mRNAs encoding proteins involved in synaptic turnover (Huber et al., 2002) .
At the molecular level, it has been suggested that FMRP may exercise several neuronal functions including export of mRNAs from nucleus to cytosol, transport of mRNAs into dendrites, and repression of mRNA translation (Antar and Bassell, 2003) . 
